Context. There is still some debate about the presence and the morphological properties of the long bar in the inner Galaxy. Aims. We investigate the morphological properties of the long Galactic bar using the VVV survey extending star counts at least 3 mag deeper than 2MASS. Our study covers the relatively unexplored negative longitudes of the Galactic bar. We obtain a detailed description of the spatial distribution of star counts towards the long Galactic bar as well as to measure its parameters. Methods. We performed star counts towards −20
Introduction
The understanding of the structure that can be attributed to a bar in the Galactic center has significantly advanced in the three past decades, mainly thanks to the IRAS, COBE/DIRBE, TMGS, DENIS, 2MASS, and UKIDSS infrared surveys. These surveys allowed us to increase the knowledge obtained from the and Matsumoto et al. (1982) maps, not only of the structure, but also of the shape of the Galactic center (Blitz & Spergel 1991, hereafter BL91) .
After studying the asymmetries in the Galactic center, Lizst & Burton (1980) and Burton & Lizst (1983) suggested they could be attributed to a bar with an inclination angle of approximately 25
• . BL91 argued for the existence of asymmetries in the photometric images of the Galactic bulge by analyzing the 2.4 µm observations performed by Matsumoto et al. (1982) and of Weiland et al. (1994) based on the images obtained by the COBE/DIRBE experiment in 1.25, 2.2, 3.5, and 4.9 µm. The asymmetry is also visible in star counts (e.g., Stanek et al. 1994 , Hammersley et al. 1994 , which show systematically more stars at positive Galactic longitudes (within < 30
• ) and close to the Galactic plane, compared to negative longitudes. It was also supported by the distribution of red clump stars (Hammersley et al. 2000 , Cabrera-Lavers et al. 2007a , the dynamics of the stellar and the gaseous components in the Galactic center (e.g., Minchev et al. 2007 ), gravitational microlensing toward the Galactic bulge (Paczynski et al. 1994 and Popowski et al. 2005) , and the kinematic effects on the local disk stars (Gardner & Flynn 2010; Romero-Gómez et al. 2011) .
While some papers refer to a thick triaxial structure (bulge or thick bar) with a semi-major axis length of 2.5 kpc and a position angle (PA) of 15
• -30
• with respect to the Sun-Galactic center direction (e.g., López-Corredoira et al. 2005; Habing et al. 2006; Rattenbury et al. 2007; Vanhollebeke et al. 2009; Robin et al. 2012) , other contributions suggest that there is also a long thin bar, the in-plane bar, with a half length of 4 kpc and a position angle of around 45
• : e.g., López-Corredoira et al. (2007, LC07 and references therein), Cabrera-Lavers et al. (2007a) , Vallenari et al. (2008) , Churchwell et al. (2009) .
This long bar has a tip in the positive longitude at the beginning of the Scutum's arm (Dame et al. 1986 ). As realized by Sevenster et al. (1999) , the angle is around 25
• or lower when low latitudes are excluded from the fit, and around 40−45
• in the plane regions within −15 • < ℓ < 30
• . Furthermore, there is some research on a possible third component, a nuclear bar (Alard 2001 , Nishiyama et al. 2005 within |ℓ| < 4
• in the plane. Some of us think that this is a more uncertain structure, since it is very dependent on a correct subtraction of the bulge+long bar, the excess of very bright stars due to star forming regions in the inner bulge (López-Corredoira et al. 2001b) , or the errors affecting the distance of the red clump stars (see Appendix in LC01).
Rather than two large structures, it was suggested by Martínez-Valpuesta & Gerhard (2011) a scenario of a single structure with a twisted major axis. In principle, we find this proposal acceptable from a purely morphological point of view. In any case, the concepts are different: bars or pseudo-bulges form as a result of instability in differentially rotating disks (Sellwood 1981) , whereas bulges are primordial Galactic components. Therefore, the scenario bulge+bar is not the same thing as a single structure, and one should observe other differences apart from the morphology. We think that the particular features of this new proposal of a single twisted bulge/bar scenario leaves certain observational facts unexplained, such as the star formation regions at the tips of the long bar, whereas the model of a misaligned bulge + long bar successfully explains them (López-Corredoira et al. 2011 ).
In addition, there was evidence of kinematic differences between metal-rich and metal-poor populations in the bulge (Minniti et al. 1996) . We now know that there are two distinct populations in the thick bulge: a metal-rich population with bar-like kinematics and a metal-poor population with kinematics corresponding to an old spheroid or a thick disk, so the two main scenarios for the bulge formation co-exist within the Milky Way bulge (Babusiaux et al. 2010 ).
The largest (deepest) near-infrared survey of the Milky Way (MW) disk and bulge is the VISTA Variables in the Via Láctea, hereafter VVV (Minniti et al. 2010 , Saito et al. 2012 , an important observational base for studying the Galactic structure. Works with VVV data, such as those of Saito et al. (2011) and González et al. (2011 , have already provided new insight in to the inner structure of our Galaxy.
Here we use the combined 2MASS, VVV, and GLIMPSE products to explore the long bar at negative longitudes (−20
• < ℓ < 0, |b| ≤ 2 • ), which has been less explored than the positive longitude counterpart. In particular, star counts are performed in the K s band for investigating the shape and structure of the bar at negative longitudes and computing its parameters (axis dimension, edges, size, inclination angle, etc.). Our study follows the approach of López-Corredoira et al. (2001a, hereafter LC01) , who performed a detailed analysis of star counts in the long bar region (|ℓ| ≤ 30
• , |b| ≤ 2 • ) based on TMGS and DENIS data. A comparison with the different extinction methods used for general extinction corrections (Majewski et al. 2011 and LC01 ) is also presented. This is the second in a series of two papers addressing the Galactic bar as seen by the VVV survey. Here, we focus on results from star counts. The first paper is dedicated to the analysis of color-magnitude diagrams (González−Fernández et al. 2012, hereafter Paper I) .
The remainder of this paper is organized as follows. Section 2 presents the VVV, 2MASS, and GLIMPSE data used in this work, including calibration, source matching in both surveys, elimination of duplicated stars in the VVV tiles, and elaboration of the VVV catalogs. Section 3 presents the method for correcting the effects of interstellar extinction in 2MASS, VVV, and GLIMPSE data and for defining their completeness limits. An analysis of the latitudinal and longitudinal 1 star counts profiles is presented in Section 4. Section 5 is dedicated to the resulting bar maps, parameters, and their discussion. Finally, Section 6 addresses the conclusions of this study and gives some final remarks.
Data

VISTA Variables in the Via Láctea (VVV)
VVV is an ESO public variability survey with the 4-m VISTA telescope at Cerro Paranal (Minniti et al., 2010) . It performs observations in the Z, Y, J, H, and K s near infrared bands towards the Galactic bulge and part of the disk, covering a total area of 562 square degrees. VVV is in its fourth year. Full disk and bulge coverage in Z, Y, J, H, and K s bands has been secured. For a detailed description of the observations during the first year of the survey, see Saito et al. (2012) . The data were reduced using the CASU pipeline 2 . This work makes use of 56 tiles covering a region of approximately 90 square degrees. The tile identification labels and their coordinates are presented in Saito et al. (2012, • (LC01 and references therein). For this reason, our analysis is restricted to Galactic longitudes within ℓ ∼ −20.0
• to 0.0 • . We take the VVV tile catalogs toward the bar (including disk and bulge) in each individual J, H, and K s filters (version 1.1) to create multi band merged catalogs for each tile region. A band-merging python code was developed that emulates the method being implemented by VISTA Science Archive with search radius equal to 1.0 arcsec. For details on the VVV and 2MASS (Skrutskie et al. 2006) cross-match, see Paper I.
The sources used in this work are all gathered in a single file. Only sources classified as stellar (VVV-icls classification flag equal to −1) by VVV pipeline in both J and K s filters were used. The file includes the source and tile identifiers, magnitude, magnitude error, and a flag to indicate whether the source was taken from 2MASS or from VVV.
The VVV and 2MASS photometry of stars in common were compared and the difference in magnitude for each star in each filter was calculated. For most tiles, the average differences in J and K s were less than 0.1 mag; however, for eight tiles (b327, b328, b329, b330, b331, b332, d070 and d071), we noticed differences in K s ranging from 0.2 to 0.7 mag, both positive and negative. For these tiles we opted to transform the VVV photometry to the 2MASS system by adding the corresponding photometric offsets.
The VVV observational strategy was designed to have observations of the same sources in a small overlap of contiguous tiles, which is useful not only for variability studies but also for calibration purposes. In this way, tiles contain overlap regions that correspond to 6% of the observed sources for a given tile. As we work with star counts, it is necessary to identify these sources in order to avoid artifacts due to duplication of counts.
Duplicate stars were eliminated as follows: i) for each tile we computed its limits (lower and higher) for both Galactic longitude and latitude; ii) from these limits we verified, for each tile, the possible same sources considering a match of 1 arcsec within a strip delimited by 0.3 degrees (chosen in order to have a generous search region for the detection of duplicate stars) for each side of a rectangle for all other tiles; iii) since one source in other tile is identified as similar source of the reference tile, we quoted it as a flag pointing to a duplicated source. Applying this analysis we have found 1,663,426 sources that were eliminated from our study leaving 27,687,811 stars with valid photometry for both J and K s . Figure 1 shows a map with counts for the overlapping regions. One can identify that typical counts in the densest regions range from 3,000 to 7,000 stars. A tilt feature can be seen at different latitude ranges toward ℓ ∼ −10
• that can be attributed to the fact that tile centers are located at different latitudes when considering ℓ < −10
• and ℓ > −10 • , respectively. White regions mean no duplicated counts. The counts are irregular, and eliminating duplicated sources is mandatory for star counts studies toward any large VVV region.
GLIMPSE
The GLIMPSE data (Benjamin et al. 2003 and Churchwell et al. 2009 ) for all phases of the project (GLIMPSE I, II and 3D) are available at IPAC webpage 3 . As each phase corresponds to specific regions with different spatial coverage in both longitude and latitude towards the Galactic plane, we have selected all of them toward −20 o < ℓ < 0 o . Once the overlaping regions were identified, we followed the GLIMPSE team recommendation (see footnote 3) to use the most recent data, as for instance, GLIMPSE II data for the region that extends from ℓ ∼ −11.0
• to −10.0 • even though data for this region is available in both GLIMPSE I and II.
Care was taken to limit the overlap regions to avoid duplicate sources in the star counts analysis. For each phase of the project there are separated files that correspond to a specific range of Galactic longitude, one degree wide. We have joined these files in a single file for each phase with: Galactic coordinates, magnitudes, and the errors in GLIMPSE filters: [3.6] Majewski et al. (2011, hereafter M11 ) developed a method termed Rayleigh-Jeans color excess (RJCE) based on 2MASS and GLIMPSE data providing useful relations to determine interstellar extinction, see Equation (1) of M11. Further details on extinction corrections in GLIMPSE data are given in section 3.2.
Since VVV is deeper than 2MASS, we choose to increase our matched source catalog by also matching GLIMPSE data against our VVV source data (combined J, H and K s photometry).
Because the extinction correction method of M11 also requires the H magnitude, we have compiled another matched VVV catalog of stellar sources with reliable photometry in J, or H, or K s and applied the same procedure as described in the previous section for identifying duplicate sources in the tiles. This resulted in a catalog of positions and photometry for 55,793,434 VVV sources (after discarding 6% of the duplicates).
The difference between the number of sources in this second catalog in relation to the first one mentioned in Section 2.1 is the result of it containing all sources with at least one detection in one filter, contrary to the first one that needs to have detection for both J and K s . It should be noted that to compute GLIMPSE counts at [8.0] µm as indicated by Equation (5), it is mandatory that a source be detected in [4.5], [8.0] µm, and H filters. In summary, for the analysis of the VVV+2MASS (Section 3.1) we only use J and K s . However, in this second catalog only 3% of the sources are detected for both J and K s and not at H. Next, we cross-matched this catalog (by selecting the nearest source within a search radius equal to 1") with the GLIMPSE merged catalog mentioned above producing another catalog with coordinates and VVV and GLIMPSE magnitudes (and errors). Table 1 summarizes GLIMPSE limits for both Galactic longitude and latitude for each 3 http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE phase of the project used in the present work, as well as the comparison of the number of sources obtained with common photometry J, H, and K s using only 2MASS data as provided by GLIMPSE merged catalog and VVV+2MASS catalog produced by us. The number of matches increases significantly using VVV photometry instead of only GLIMPSE+2MASS.
As can be seen in Table 1 , by adding the matched GLIMPSE+VVV+2MASS source catalog to our analysis, a substantial increase (a factor > 4 for GLIMPSE II) is obtained in matched source numbers, as compared to a 2MASS (only) cross matches. Since use of VVV data has the advantage of getting to a larger number of fainter and redder sources, we can expect that the extinction correction will be significantly more precise.
Extinction and completeness limits
Interstellar extinction plays an important role in analysis in the Galactic plane, as shown in Amôres & Lépine (2005, hereafter AL05) and Robin (2009 and references therein) . Assessment of extinction is essential for a correct star counts analysis. Without it, analysis can become severely biased, especially in high extinction areas.
Below, we outline the methods adopted in correcting for extinction and defining completeness limits for the VVV+2MASS and GLIMPSE data sets. A detailed analysis of the interstellar extinction toward VVV fields is beyond the scope of this present paper, and it is presented in others papers of the VVV collaboration: e.g., and Chen et al. (2013) .
VVV
We follow the method described in LC01 for determining an extinction free magnitude. It should be noted that this method is also quite similar to the one presented by Alard (2002) . As pointed out by LC01, the method used in the present paper is roughly consistent with that of Schultheis et al. (1999) , except that here each star is individually corrected for extinction before each area is averaged. Anyway, the method is also validate considering star counts simulations as presented in Appendix A.
Since the sources with J − K s < 0.5 are dominated by local disk dwarfs (see Robin et al. 2003 and Marshall et al. 2006 ), we have not used them in our star counts method. Of course, there will also be disk stars with J − K s > 0.5. However, as pointed by LC01, this will be a small proportion of the total sources and their distribution is symmetrical and in principle predictable, so at most there will be a loss of contrast for the inner Galaxy features. For the case where the majority of the sources are relatively concentrated in a certain location along the line of sight, this is therefore a straightforward method for recovering the form of the underlying star distribution, at least in the infrared.
Moreover, this approach is reasonable (LC01) thanks to the high density of sources in the inner Galaxy. In many regions, over 50% of the sources at a particular magnitude are from the inner Galaxy, so the vast majority of the detected sources come from a relatively restricted distance range. Table 1 . List of the coverage for GLIMPSE data used in the present work. The columns 2MASS and 2MASS+V V V are respectively the number of valid sources detected in the three filters (J, H and K s ); only GLIMPSE means sources detected only by GLIMPSE. For GLIMPSE II, the latitudes limits expand to b ±1.5 and ±2.0 for longitude ranges −5
• The correction holds for stars satisfying J −K s ≥ (J −K s ) 0 and is given by
where
Since some stars will have color bluer than the average of the whole population, these stars should have non physical negative extinction. To avoid applying non physical correction, their extinction values are set to 0, and therefore for stars with J − K s < (J − K s ) 0 , the corrected magnitude equals the observed one: m Ks,correc. = m Ks in Equation (1).
The value of 0.6 in Equation (1) was obtained considering an average value from Rieke & Lebofsky (1985) and Glass (1999) Rieke & Lebofsky (1985) and Glass (1999) extinction coefficients, respectively.
That we have used a single (J − K s ) 0 , even considering there is a transition between the population content of the bar/bulge and the disk, could be justified by the very slight modification of the average color. Star formation regions are more abundant in the disk that has younger populations and an excess of supergiants and bright giants, but these very bright stars are still much scarcer than other fainter stars.
The red clumps have more or less the same intrinsic color 4 , and will have different reddening from the disk and from the bulge, but the counts of red clumps are dominated by the bulge/bar. The simulations in our Appendix A illustrate this.
To verify that adopting (J − K s ) 0 = 1.0 is a valid value for the intrinsic color (J − K s ) 0 in Equation (1), we have generated a series of sets of corrected K s photometry using (J − K s ) 0 ranging from 0.6 to 1.6 at intervals of 0.2 mag. Each set is split in regions of 0.25
• × 0.25
• square degrees. The area of 0.25
• square degrees for each region was used as a compromise between having a good spatial resolution (the lower the better) and having enough counts (the more the better). Moreover, using fields with this area reduces the effects for both interstellar extinction (2) as a function of the completeness limit for each value (J − K s ) 0 as presented in the legend for all fields (with area equal to 0.0625 square degrees) used in the present work. and crowding that changes significantly from neighboring regions in the Galactic plane. Star counts with 0.5 mag steps were then performed for each of these split regions. The appropriate value for the constant should be the one producing the lowest variation in the counts between neighboring regions.
Due to field crowding, interstellar extinction and variable conditions during the observations have an impact on star counts, so care must be taken to assure that all regions in our analysis are within their completeness limits. We therefore performed the analysis considering different magnitude ranges by imposing a series of magnitude cutoffs ranging from 9.0 to 14.0 (0.5 mag steps). Then, for each of these cut-offs and for each region, we computed the squared difference between the counts obtained for this direction and its eight neighboring regions, as
where N (K, l) is the number of stars for a given bin, and N i,j is each neighbor cell in (ℓ, b) space.
The final total measure of variation (for each magnitude cut-off) is defined as the square root of the sums of the square differences, divided by the number of regions (n): Figure 2 shows the measure of variation (σ, from now on) as a function of the cut-off magnitude for the different trial values of the correction constant. The value of (J − K s ) 0 = 1.0 clearly produces the lowest σ up to the corrected K s ∼ 13.5 mag. It keeps the minimum for the range 12 < K s < 14. The other value (J −K s ) 0 = 1.2 is a little bit lower for 12 < K s < 13, but it increases significantly for 13 < K s < 14. The estimate of the completeness limit for each field was performed using star counts and histograms with bin size equal to 0.5 as a function of magnitude (also referred to as luminosity function). The peak of each histogram for each field was defined as the completeness limit. Later, we elaborated a map of the completeness limit as a function of Galactic latitude and longitude, which shown that after extinction correction (Equation 1) most of them, e.g., 95 % of fields have K s ≥ 13.5 mag as completeness limit. The fields that have completeness limits lower than 13.5 mag are mainly located at |ℓ| ≤ 2
• . Since this region is not the focus of our work, we preferred to lose completeness for those few fields in order to have deep completeness along the entire bar.
We also analyzed the counts as a function of magnitude, and the value of K s ∼ 13.5 mag represents that the stellar counts stop growing. In addition, choosing this value as the completeness limit also provides the best contrast in the star counts maps of the long bar. Similar analysis was performed in other NIR filters. The completeness for J and H filters were 17.0 and 16.0 mag, respectively.
GLIMPSE
As pointed out by M11, the use of NIR and MIR photometry has several advantages since extinction is noticeably lower than in the visible, and higher precision foreground extinction values can be determined when combining MIR with NIR photometry. We performed star counts using the combined VVV+GLIMPSE+2MASS data described in Section 2.2. As in the previous section, counts were performed considering grids of 0.25
• × 0.25 • square degrees. Here, extinction is computed with Equation (4). The completeness limits at [8.0] and [4.5] µm were determined for each field (as explained above), which are than 11.0 and 10.5 mag in most cases. Using the relations provided by Rieke & Lebofsky (1985) , the extinction at [8.0] µm is given by
where A Ks = 0.112A V .
To better correct the effects of interstellar extinction, we used Equation (1) provided by M11:
The result of the combined VVV+2MASS+GLIMPSE data dereddened using Equation (4) is presented in Section 5.
Star counts
The following sections analyze the star counts from two perspectives: their longitudinal and latitudinal profiles.
Longitudinal counts
One effective way to study counts is to analyze their variation with longitude (e.g., longitudinal profiles) for different latitude ranges. In this case we considered three different ranges: i) |b| ≤ 0.375
• (b=±1.0, 0.75, 0.50
• (b= ±1.5, 1.75, 2.0
• ). Figure 3 (upper left panel) shows a longitudinal profile for the observed counts (corrected by interstellar extinction) up to K s = 13.5 mag for the three latitude ranges mentioned above. The longitude bin width is 1
• . A clear decrease in the counts until ℓ ∼ −14
• for the three latitude ranges can be seen, most notably for Galactic latitudes located toward |b| ≤ 0.375
• . Another visible feature is the end of the bulge loss revealed by the change of slope in the decrease in star counts at ℓ ∼ −8
• for the higher latitudes. For instance for −8.0
• < ℓ ≤ −3.0 • , the counts have an average value equal to ∼ 1.5 x 10 5 to 1.1 x 10 5 for ℓ ∼ −8
• . Also, it can be seen that counts for the mid latitude (0.375
• < |b| ≤ 1.125 o ) are greater than for the low latitude (|b| ≤ 0.375
• ) for some longitude ranges (−5.0
• < ℓ < −2.5
• and ℓ > −16.5 • ). This latter feature can be accounted for by errors in the extinction correction and the shift in the stellar distribution centroid (see Section 4.2).
A rough visualization of the interstellar extinction toward the Galactic bar and bulge can be obtained by displaying the ratio between the counts with and without extinction correction. Figure 3 (upper right panel) depicts the variation in relative counts with longitude, which also provides a rough estimate of the variation in interstellar extinction. To produce this estimate, we have considered the relative difference between the corrected and uncorrected counts for each interval of one degree in longitude. The interval of Galactic latitude is shown in the legend of figures.
To compare the interstellar extinction values obtained in the present work with the obtained ones by other works, we have considered three different estimates covering two ranges of Galactic longitude: i) the map produced by using new and deep VVV data and red clump method covering (−10
• < ℓ < 0 • ); ii) the 3D interstellar extinction model proposed by Marshall et al. (2006) using both the Besançon Galaxy Model (Robin et al. 2003) and 2MASS data. In this last model, we used as extinction the value that corresponds to the maximum value of distance, ranging from 10 to 13 kpc, for Galactic longitudes covering the regions located at −20
• < ℓ < −10 • ; iii) the maps provided by Nidever, Zasowski & Majewski (2012 , hereafter Nidever et al. 2012 ) based on the Rayleigh-Jeans color excess method using GLIMPSE−I,−II,−3D data.
The maps of and Nidever et al. (2012) were available during the referee process, as well as the 3D extinction model provided by Chen et al. (2013) . We have not used this last one in our comparison since, as pointed out by Chen et al. (2013) , the results for the region of present study are in good agreement with ones obtained by .
It should be noted that each point of extinction obtained by the method provided by other authors was obtained considering the median of extinction for an interval of one degree in Galactic longitude. For comparison, Figure 3 (lower left panel) displays the average interstellar extinction distribution provided by and Marshall et al. (2006) for the same latitude ranges and adopting the median extinction for each pointing separated by one degree in longitude. As can be seen in Figure 3 (lower left panel), averaged extinction in the Galactic plane reaches about A V = 25 mag with most values ranging from 15 to 20 mag. Generally, our averaged extinction variations in relative star counts are in agreement with those provided by and Marshall et al. (2006) .
Since the star counts analysis is based on magnitude limited samples, an overestimated absorption will lead to overestimate star counts, because if the estimated extinction is too large, then stars that would fall beyond the magnitude cut-off would be overcorrected and thus be counted, biasing the corrected counts upward. Another effect is crowding. Since in-plane fields are more affected by crowding, here we will primarily lose the dimmer and redder stars than the ones that yield the high extinction values in off-plane fields.
This context provides an explanation for the awkwardly lower counts of the lowest latitude sample (|b| ≤ 0.375
• ) in some ranges (−5.0
• and ℓ > −16.5 • ), where the disk is expected to have higher counts, compared to the intermediate latitude sample (0.375
• < |b| ≤ 1.125 • ). Comparison with the interstellar extinction distribution proposed by gives a hint that at −5.0
• < ℓ < −2.0 • the lower latitude extinction is underestimated, and the intermediate latitude range extinction is overestimated, giving rise to an extinction peak. Both effects naturally account for the apparently lower star counts of the lower latitude region compared to the mid-latitude region. The same reasoning applies to ℓ < −16.5
• . In any case, a significant increase in extinction for Galactic longitudes beyond (in the negative sense) ℓ ∼ −14
• is appreciated for the three latitude ranges and are stronger for |b| ≤ 0.375
• . The extinction grows until ℓ ∼ −16
• , decreasing towards ℓ ∼ −20
• for the low latitude region, but shows a slight increase for the higher latitudes, see the discussion and references therein of Calbet et al. (1996) and González-Fernández et al. (2012) .
The same feature was observed by LC01 in the regions towards long Galactic bar while comparing DENIS and CAIN data (their Figure 8) . The same authors also noticed the extra extinction from ℓ ∼ −12
• to ℓ ∼ −8
• . The deeper VVV photometry in the present work allows a better definition of the feature, clearly displayed by very high extinction observed from ℓ ∼ −11
• to ℓ ∼ −6
• . In general the maps (Figure 3 , lower right panel) provided by Nidever et al. (2012) presents a good agreement with obtained ones by , as well as with the one obtained by us. Some differences can be seen, such as the valley observed for Galactic latitudes |b| ≤ 1
• , in our case for ℓ ∼ −13.0
• and for ℓ ∼ −12.0 • (Nidever et al. 2012 ) This can be attributed to the averaged extinction process used to elaborate the figure or even to the fact on using deep VVV data. To obtain the extinction from Nidever et al. (2012), we used the option all for stellar population and percentil for map type. The maps of Nidever et al. (2012) are available at their web page 5 . Another point that should be considered in the comparison of our extinction method with the obtained ones by other authors is the point that we do not use local sources with J − K s < 0.5, or the sources with 0.5 < J − K s < 1.0 have no extinction correction applied to them. Despite all these points, we can see good agreement with our extinction estimate with other author. Detailed discussion about interstellar extinction distribution along the Galactic bar as well as analysis of 3D distribution is beyond the scope of the present paper.
It is important to mention that an aspect should be considered when comparing our data with the used ones by other author, for instance with Nidever et al. (2012, Figure  1c ), which is applicable to (ℓ,b) = (42
The point is that for this direction, we are mainly observing disk stars, with a maximum density at distance of 6 kpc from the Sun. This makes the population at low distances of Sun predominant at K s = 12, with a higher ratio of dwarfs, which are bluer than (J − K s ) 0 = 1.0. This is not our case (see color-magnitude diagrams in Paper I).
Latitudinal counts
Latitudinal star counts profiles provide valuable information on the structure of the Galaxy . These profiles allow to infer the thickness of the dustgas and stellar layers and their displacement with respect to the Galactic plane, among other applications. At the longitudes toward the Galactic anti-center, these profiles allow characterization of structures, such as the Galactic warp, among others. At the longitudes close to the Galactic center, they enable determining bar and bulge morphological parameters. Latitudinal profiles towards the long Galactic bar were built for the VVV+2MASS data, using extinction correction determined in this work (Section 3.1).
Gaussians were fitted (see some examples in Figure 4 ) to the observed latitudinal profiles limited to K s ≤ 13.5 mag and to colors J − K s ≥ 0.5 mag. The fits were done using an IDL version of a genetic algorithm called PIKAIA (Charbonneau, 1995) . Given that there are three parameters to be determined from a small volume of data, a small number of generations (100) with 60 populations each were adopted to insure a faster convergence. Twenty independent runs were performed, and the final solution is the median for the runs with χ 2 within 1−σ of the distribution. The errors bars were determined from the standard deviation of 
where N model and N obs are the modeled and observed counts for each bin of Galactic latitude (i). It was obtained by adjusting the three parameters of the Gaussian function:
in which K = 2σ 2 is related to thickness, A is the central surface density of the stars, and z c the offset from the midplane. The range of parameters are presented in Table  2 .
As proposed by Cabrera-Lavers et al. (2007a) , we also tried to adjust a sech 2 function; however, Equation (7) produced a better fit to our data. For the VVV+2MASS set, splitting it in 0.25
• regions gives 81 pointings with different longitudes, each one with 22 different latitude pointings. This sampling allows robust fits with good spatial resolution. Figure 5 shows the variation in Gaussian centroids derived from the latitudinal profile fitting VVV+2MASS data. The variation is almost flat from ℓ ∼ −11.5
• to ℓ ∼ −10
• , reaching a local minimum at ℓ ∼ −11.5
• and increasing linearly to ℓ ∼ −12.75
• . After that, a decrease is seen until reaches a minimum at ℓ ∼ −13.8
• ). A significant increase is then seen reaching a maximum at ℓ ∼ −14.5
• , after that there is a small local decrease, and the centroid then remains roughly constant until ℓ ∼ −18.5
• . We have restricted our analysis up to longitudes lower than ℓ ∼ −10
• since many latitudinal profiles tend to have Table 2 . Range of parameters used to adjust the function represented by Equation (7). x 1 , x 2 , and x 3 are the normalization factor used by PIKAIA, ranging from 0.0 to 1.0.
parameters range zc −3.0 + 9.0x1 width 12.0x2 heigth maximum data height × 1.3 × x3 irregular shapes toward the bulge, which removes meaning from Gaussian fits. These irregularities could be due to inadequate interstellar extinction correction, or more likely, to VVV photometric incompleteness toward the more crowded Galactic center region. This is supported by the study of Amôres et al. (2012) aimed at detecting galaxies in the VVV database. The authors report that a closer examination reveals that many sources classified by VVV as extended objects are in fact composed of systems with two or three stars. Freudenreich et al. (1994) analyzed latitudinal profiles for COBE/DIRBE emission, finding warp and flare structures toward the Galactic anti-center at 240 µm, which is dominated by dust emission. At near and mid infrared DIRBE/COBE wavelengths one can see the displacement in latitude of the brightness peak toward the Galactic center, but the resolution of their latitudinal profiles (each 10
• ) does not allow the bar region to be identified. On the other hand, the adjustment for the latitudinal profiles obtained by BL91 (their Figure 12) shows clearly a tilt in the variation of the centroid of the surface brightness distribution, with a typical deviation of ±0.4
• in latitude; unfortunately, their figure only shows the variation from Galactic longitudes (|ℓ| < 10
• ). By adjusting data from the IRAS 100 µm band that traces dust distribution (AL05) at one degree interval (Amôres 2005) , found a centroid distribution compatible to obtaining one by BL91 with a significative decrease for longitudes lower than ℓ ∼ −13
• , as also found in the present work with VVV data. In fact, the asymmetric shape for the stellar distribution that can be seen in Figure 5 suggests a similar feature for the dust distribution that dominates this region. Amôres (2005) found a variation of 0.3 degrees in z c that is compatible with the expected scenario for regions of leading dust lanes. The author also analyzed latitudinal profiles for HI for specific ranges of velocities (belonging to peaks related to FIR emission) and a significant variation in the centroid is found toward ℓ ∼ −15
• . Making the assumption of non-circular movements at the Galactic center, a distance equal to 10.7 kpc (considering v ∼ -110 kms −1 ) was found. Marshall et al. (2008) analyzed the latitudinal profiles for extinction obtained with the extinction model proposed by Marshall et al. (2006) and CO but for a longitude range of 10
• to −4
• . From the latitudinal profile fits we obtained a parameter that we call to K (see Equation 7), which is also useful in estimating the vertical thickness of the bar that can be estimated using the expression
where d is the average distance for the points, e.g., (ℓ, b) pairs considered in this work to the far side of the Galactic bar, equal to approximately 10.0 kpc (LC01). We get an average σ = 1.01 ± 0.03 degrees; hence we get a vertical thickness approximately equal to 176±6 pc. This value is higher than 100 pc obtained by Cabrera-Lavers et al. (2007) using red clump stars. First, we must take into account that we are using a wider range of stellar types than red clumps, and we are also observing the bar with a different angle (at positive longitudes, we observe the bar almost perpendicularly, whereas at negative longitudes our line of sight is more tangential to the bar). More importantly, in our star counts variations, we also include variations from the disk+bulge+bar instead of the isolated bar, therefore we get a higher thickness which is the average of the three embedded structures with their corresponding weights. A rough estimation of the bar thickness might be given considering that σ = 1.01 ± 0.03
• is the σ of the sum of two Gaussians.
6 . We know that the contribution of the disk+bulge gives a σ b+d ≈ 2.0
• at ℓ ∼ −12 Corredoira et al. 2004 Corredoira et al. , 2005 , and roughly bulge+disk gives the same counts as the bar (see Fig. 3 , and compare the inplane counts with counts at b = 2 • ); hence, σ bar = 0.7 • , so the vertical thickness of the bar alone should be around 120 pc, closer to Cabrera-Lavers et al. (2007) results. We state that bulge+disk have roughly the same counts at ℓ = 12
• , b=0
• as the bar, because at b=1.75
• (where the bar contribution is negligible), they are 2.5 times lower (instead of 1.46 times lower expected from the Gaussian of bulge+disk) attributing the difference to the bar. Figure 6 shows the counts up to K s = 13.5 mag for the long bar region with and without extinction correction, as well as for the residual differences. In Figure 6 (upper panel), a structure ending toward ℓ ∼ −8
Discussion
• is seen that can be attributed to the Galactic bulge. A long bar structure can be seen as the green region extending up to ℓ ∼ −14
• . For longitudes after ℓ ∼ −15
• , the stellar density decreases as illustrated by the lighter blue area in Figure 6 (upper panel). In this figure, part of stars are red giants. The far side of the Galactic bar as presented in this paper has an end at ℓ ≈ −14
• , and this is not only due to the high extinction observed after bar ends but also the density of stars that falls considerably in this longitude as seen from several surveys in the NIR and MIR.
Moreover, works on Galactic resonances (Amaral & Lépine, 1997; Lépine et al. 2001; and references therein) explain how regions toward them, such as the end of the Galactic bar, suffer the effects of corotation. In these regions, there is also smaller quantity of gas and stars. Briefly, the effects of these resonances can be understood as follows. The gas dynamics in the perturbed potential of the spiral arms is such that inside the corotation radius, a net flow is produced toward the center. Beyond corotation, a net flow is produced toward the external parts of the disk. This dynamics results in a pumping gas out from the corotation region ). Figure 6 (middle panel) clearly illustrates the importance of correcting for extinction. Without it, the structure identified in Figure 6 (upper panel) is not observed. The star counts decrease too quickly at ℓ ∼ −8
• , and the structure is too thick for ℓ > −8
• and too thin for ℓ < −8
• . Furthermore, the counts without extinction correction produce a shape without the symmetry seen in Figure 6 (upper panel). In Figure 3 , we pointed that there is a clear decrease in the counts until ℓ ∼ −14
• . Certainly, the smoothing in longitude and latitude decreases the contrast in Figure 3 , and this is better observed in Figure 6 (upper panel). Figure 6 (lower panel) shows a map for the relative difference (see Section 4.1) in counts between the upper panels, which roughly corresponds to an extinction map. In this figure, the high extinction structures toward the end of the long Galactic bar are highlighted. LC01 argue that longitudes corresponding to the negative limit of the bar are at almost twice the distance relative to the center as those on the nearest side, which are also affected by higher extinction. This feature can also be seen in the comparison with GLIMPSE data shown in Figure 7 .
The difference between m Ks and m Ks,correc is proportional to the average extinction (see Equation 1 Table 2 . Lower panel: GLIMPSE+VVV+2MASS without interstellar extinction correction.
only dependence on the structure distance through the distribution of dust and stars along the line of sight. Therefore, Figure 6 (lower) is a map of average extinction until the distance of the average position of the stars along the line of sight. It is also possible to identify an asymmetry in the distribution of interstellar extinction with respect to the formal Galactic plane from ℓ ∼ −16
• to ℓ ∼ −14
• . This feature was also identified in IRAS 100 µm (Amôres 2005) .
As found by LC01 (and discussed in Section 4.1), we also identify high extinction toward −10
• < ℓ < −8 • in our VVV+2MASS data. The extinction decreases until the bar ends at ℓ ∼ −14 • , which can be interpreted as the dust lanes mentioned by Calbet et al. (1996) , Rodriguez−Fernandez et al. (2006) , Nagai et al. (2007) , Marshall et al. (2008) , and Paper I. Then, a high extinction region extends up to ℓ < −19
• in the proximity of the 3 kpc-arm. This latter high extinction feature contrasts with the star counts density in Figure 3 (upper right panel) .
Concerning the near side of the Galactic bar, several works have placed it at ℓ ∼ +27
• , approximately 5.7 kpc from the Sun, as pointed out by Hammerseley et al. (1994 Hammerseley et al. ( , 2000 g. H94, H00), Garzón (1993 ), LC01, Cabrera-Lavers et al. (2007a ), and Picaud et al. (2003 , among others.
We have adopted distance to the far side of Galactic bar of 11.1 kpc (as also used by LC01). We also argue that the long bar tip on the far side is at longitude limit of ℓ ≈ −14
• . If we consider a semi-major axis length L 0 of 4.0 ± 0.5 kpc, values that are compatible with the ones obtained by LC01, H00, H94, among others, we can estimate the inclination angle (α) using
where R 0 = 8.0 kpc is the distance from the Sun to the Galactic center, L 0 is the semi-major axis length and ℓ is the longitude that corresponds to the end of bar.
We can obtain α by considering the error for both ℓ and L 0 . We assume that ℓ ≈ −14
• and L 0 = 4.0±0.5 kpc. Using Equation (9) we obtained α = 43
• ± 5
• . This angle is the same one as the measured values in the positive longitudes (e.g. H00), so we conclude the bar must be straight.
This value agrees with other authors such as Peters (1976) , Nakai (1992) , Hammersely et al. (2000) , and Sevenster et al. (1999) , who report 45
• , 43
• , and 45
• , respectively. This value also agrees with findings pointed out by LC01 (43.0
• ) and later by several authors, e.g., LC07 and references therein; Cabrera-Lavers et al. 2007b; Benjamin et al. (2005); Vallenari et al. (2008) report an angle of 45
• . A schematic view of bar representation can be seen in Figure  8 of Paper I. Figure 7 (middle panel) shows the counts at [8.0] µm with a cut-off at 11.0 mag and corrected for extinction using the relations provided by M11. Determination of the extinction correction made use of the deep combined VVV+2MASS+GLIMPSE data set, as described in Section 2.2.
A structure, coded in darker green and seen reaching ℓ ∼ −13
• , corresponds to the long Galactic bar and is then followed by a region having smaller and almost constant star counts. As in Figure 6 , the bulge is clearly seen, ending toward ℓ ∼ −8
• . Figure 7 (upper panel) shows the map using the extinction correction provided by M11 using only the less deep 2MASS+GLIMPSE combined data (no VVV). Benjamin et al. (2005) used GLIMPSE data at [4.5] µm, to derive an inclination angle of 44 ±10
• for the bar, with R bar = 4.5± 0.5 kpc. As pointed by LC07 their general results agrees with those obtained by LC01, also claiming for a long bar. Their longitudinal source-density profiles at [4.5] µm show a decrease in the counts at ℓ ∼ −13
• . They also produced a star counts map in which one can identify some structures similar to those reported in this work. However, their picture is not as sharp as our Figure   Fig. 8 . Longitudinal profile for GLIMPSE counts in [8.0] µm using the extinction method presented in Equation (4) that uses the combined data. 7 (middle panel), which we think is due to our improved extinction correction using deep J and K s photometry and to extinction being lower at [8.0] µm. A marked difference between both maps is that Benjamin et al. (2005) found significantly fewer stars at Galactic longitudes from ℓ ∼ −17
• to -15
• , a region that we point out as a high extinction zone.
In Figure 2 of Nidever et al. (2012) , there is some gap after ℓ ∼ −15
• , although it is not very clear, probably because 2MASS data is not deep enough on the range of magnitudes used. However, the features of the Galactic bar can be seen in GLIMPSE data, when observed considering appropriate range of magnitudes from ∼ 14 to ∼ 6.5, see for instance maps in Churchwell et al. (2009) and Benjamin et al. (2005) as mentioned in the last paragraph. Figure 7 (upper panel) shows the counts at [8.0] µm but only based on 2MASS photometry instead of combined VVV+2MASS data. It can be seen that the structure of the long bar ends towards ℓ ∼ −11
• , unlike the limit obtained when based on the combined data, thus allowing for a deeper analysis of the Galactic bar. This can be visualized better in Figure 8 , which shows longitudinal profiles for counts at [8.0] µm using only GLIMPSE+2MASS and combined GLIMPSE+2MASS+VVV data. There are two main aspects to be considered by this figure: i) the number of sources clearly increases with the addition of VVV data since there are more matches to GLIMPSE sources that were not detected by 2MASS (see Table 1 ); ii) some differences in the shape of profile (most for ℓ < -10
• ) can also be noted and attributed to the use of extinction correction with more stars. The relative count differences attributed by combining the VVV data are approximately 20% and 27% for ℓ ≥ -10
• and ℓ < -10 • , respectively. A structure with a double peak can be seen within the longitude range: -14
• < ℓ < −12
• . For ℓ < -14
• a significant decrease in the counts was independently found by LC07 using MSX data at [8.7] µm.
Concerning another study of star counts toward the far side of long bar; Benjamin et al. (2005) found using GLIMPSE at [4.5] µm, approximately 2.0×10 4 sources per square degree. LC01 find counts for m K ≤ 9.0 of approximately 2,000 using DENIS data averaged over ∆ℓ = 5
• . We can estimate the counts expected by a model, in this case using a similar model as proposed by LC01 with disk density given by López-Corredoira et al. (2002 , 2004 , with the luminosity function proposed by Eaton et al. (1984) and the counts in the Galactic bar based on the density distribution proposed by López-Corredoira et al. (2007) with the luminosity function considered as an average of the disk and bulge luminosity function. We have obtained counts in good agreement with ones observed by VVV. For instance, for ℓ ∼ −15.0
• for two ranges of Galactic latitudes, 0.375
• < |b| ≤ 1.125
• and 1.375 o ≤ |b| ≤ 2.125
• , we estimate 10 4 − 10 5 sources per square degree (considering as magnitude limit K s = 13.5 mag), respectively. The values of parameters used in the model are in good agreement with those ones obtained in this work.
Conclusions
In this paper we have used deep VVV photometric data to perform a detailed analysis of the far side of long Galactic bar, which is the less studied side, by far, in the literature. This analysis was based on star counts in the K s band for the region extending from ℓ ∼ −20.0
• to 0.0 • and for Galactic latitudes |b| ≤ 2
• . We used the extinction correction recipes provided by López-Corredoira et al. (2001) and Majewski et al. (2011) on combined VVV+2MASS and GLIMPSE data, respectively. Since there is more extinction toward negative longitudes than toward positive longitudes (LC01), the average extinction correction methods employed in this work has the advantage of using many distant stars with high J-K s and H values, as provided by VVV survey.
Even though the method used in this work had been presented and used in other works, we expanded it by comparing it with other more complexes extinction models, as well as with star counts simulations as presented in Appendix A.
The use and combination of extinction methods with VVV data allow us to better account for the effects of interstellar extinction on star counts for both the K s and [8.0] µm bands. An extinction map was produced ( Figure  6 , lower panel), revealing high extinction regions along the bar, more notably slightly farther than the bar end (ℓ ∼ −14
• ). A tilt in the dust distribution ( Figure 6 , lower panel) is noted, observed towards ℓ ∼ −15
• (b ∼ 0.5 • ) with similar characteristics to those observed at IRAS 100 µm (Amôres, 2005) , which is a feature not observed, for instance, in the Marshall et al. (2006) extinction maps.
Even though this work was not devoted to the study of interstellar extinction, our results highlight the potential use of the VVV survey for modeling the dust distribution for both 2D and 3D models as presented by and Chen et al. (2013) . This type of analysis also has the potential for studying interstellar extinction in the Galactic disk with the use of NIR and MIR colors using combined VVV and GLIMPSE data.
We modeled the extinction in the Galactic bar region more accurately and with higher resolution through using VVV data and more importantly, combined this with 2MASS and GLIMPSE data. In the first case, we complemented VVV observations for brighter sources and, in the second used MIR colors that allow a more precise determination of extinction. The extinction model used should not significantly change our bar representation (Figs. 6 and  7) . The impact of any other extinction model should only appear on a small scale as an effect of the resolution not modifying the large structure of long bar as presented in this work. Even if other extinction laws were considered the normalization of the counts would be affected, but the shape would be similar.
In terms of the parameters of the Galactic bar, our results support those of previous studies (H00, LC01, LC07 and references therein). But the spatial description of the long Galactic bar as presented in this work (Figs. 6 and 7 lower panels) surpasses what has been known previously, and allows us to better identify its structure, not only in resolution but also in completeness. Nevertheless, previous works by other authors have allowed us to clearly identify structures along the bar, and this has allowed us to identify and compare structure and regions. For instance, in the region from ℓ ∼ −14.0
• to −12.0
• that bar was possibly first detected reported by LC01. However, the limits shown in this work are now much more clearly defined than in this or any other previous study, using data from the DENIS, CAIN and 2MASS surveys. The same goes for all negative bar regions.
In the same way, with resulting longitudinal profiles made with resolution (keeping robustness) at 1 degree interval, instead of 5 degrees as in previous works in the NIR, we more clearly reveal a structure extending to ℓ ∼ −14
• . Our work can also be used to constrain parameters by using models that separate bulge and bar counts. The latitudinal profiles allow us to obtain the centroid (as well as the bar's vertical thickness) variation of the stellar distribution with longitude in the K s band that shows a clear feature with a minimum at ℓ ≈ −13.8
• .
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